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The Naval Research Laboratory (NRL) was officially
established on July 2, 1923, as the Naval Experimental and
Research Laboratory. In the following seven decades,
research efforts have expanded from the two original areas
of scientific endeavor, radio and underwater sound, to 19
broad areas that encompass many diverse fields.

NRL is the Navy's Corporate Laboratory and is under
the command of the Chief of Naval Research. The
Laboratory occupies its original site on the banks of the
Potomac River in the southwest corner of Washington, D.C.
Since NRL's establishment, the number of buildings has
expanded from the original five to more than 170, and the
main Laboratory site has expanded from 27.5 to 129 acres.
The original group of about 20 employees has grown to more
than 3900, including those at the main site and at 14 field
sites. On January 14, 1992, the Naval Oceanographic
and Atmospheric Research Laboratory (with sites in both
Mississippi and California) was merged with NRL as
part of the U.S. Navy's post-Cold War research,
development, technology, and engineering RDT&E)
consolidation efforts. This merger brought facilities and
personnel at Bay St. Louis, Mississippi, and Monterey,
California, under NRL management.

NRL has been designated a major shore command and is
led by a Navy captain who serves as commanding officer.
The director of research, a senior civilian, shares
responsibility with the commanding officer for directing
Laboratory operations. The Laboratory's overall R&D
management structure is built around an Executive
Directorate, three principal research directorates and one
technology center. This center, the Naval Center for Space
Technology, is the only in-house facility capable of
designing, developing, and fabricating space systems for the
Department of Defense (DoD).
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PREFACE

The course of history reveals a close and enduring relationship between technological progress and
state security. This relationship has never been more vividly illustrated than by the scientific events that
led to the dawn of the Nuclear Age and to the climactic end to World War II in 1945. Earlier in this
century, Thomas Edison's belief in this link between technology and state security motivated his proposal
to establish what became, in 1923, the U.S. Naval Research Laboratory (NRL). For seven decades NRL
has fulfilled Edison's hopes through an excellent record of technical achievement. The impact of these
accomplishments span from NRL's discovery of the radar principle in the early 1920s, to the inveaxrion
and demonstration of the first satellite prototypes of the NAVSTAR Global Positioning System, which
was so important to victory in the 1991 Gulf War. Today, NRL's multidisciplinary research and
development (R&D) program continues to be conducted with an awareness that the problems posed by
international competition and conflict can, in part, be addressed by innovative R&D solutions.

As the Corporate Laboratory of the U.S. Navy, NRL's mission is

"* to conduct basic research,
"* to translate the results of this research into technology, and
"* to assist in the transfer of this technology to other Navy and industrial laboratories for

incorporation into effective military systems.

The successful transition of these efforts affirms the idea that a sustained and well-managed investment
in multidisciplinary defense science and technology leads to a continuous upgrade of national defense
capabilities. Specifically, NRL's technical expertise and successful performance of its mission have
earned for the Laboratory a world-wide reputation as a center of excellence in discipline-based science
and technology, and in space, radar, and electronic warfare systems development. The military impacts
of NRL's achievements have supported America's security strategies during the post-World War I era,
the years of conflict against fascism in World War II, and the "long twilight struggle" with communism
in the Cold War era.

The revolutionary world events of the early 1990s-the liberation of the Soviet Union's eastern
European "outer empire", the internal fracture and eventual dissolution of the Soviet Union itself, and
the retreat of communism elsewhere in the world-have dramatically changed America's geostrategic
position, calling for a reassessment of its security requirements. In addition, U.S. domestic
problems-high budget and trade deficits, as well as social, energy, and environmental concerns-are
raising doubts about America's ability to compete economically and technologically with foreign
competitors and, at the same time, provide a decent quality of life for its citizens. With these foreign and
domestic developments in mind, NRL's Director of Research, Dr. Timothy Coffey, recently surveyed
the nation's post-Cold War security requirements and identified the opportunities that these new
requirements hold for the Laboratory in what is becoming a period of both promise and uncertainty for
America in domestic and world affairs:

vii



"...We can expect that economic competition among the world's nations will increase. This
increased competition will exacerbate the problem of vanishing global raw material
sources... NRL will be expected to be a major player in reconciling what will become
increasingly conflicting requirements. Namely, how does one simultaneously maintain an
adequate national defense, respond to an accelerating high technology competition, and protect
the environment? These conflicting requirements will present some marvelous opportunities for
NRL to create advances in science and technology."

It is sometimes said that to know where one is going, it is helpful to know where one has been. In
this spirit, this survey of NRL's past contributions to national security has been written. While scientific
and technological capabilities are often transitory, America's security interests are enduring. It is these
security interests that will continue to drive NRL's decisions regarding future R&D directions. By being
ever-aware of these security interests, the Laboratory will continue to serve the nation's vital security
interests as successfully as it has over the past 70 years.

Finally, the author notes that much of the information cited in this report has been gleaned from
secondary source material, such as Labstracts (NRL's official biweekly publication) and laboratory press
releases. Although useful as general communication instruments, these secondary sources lack the greater
accuracy of primary sources, such as those published in refereed scientific journals. Care has been taken
to present an accurate picture of NRL's achievements; however, the reader should be aware that this
report is only as accurate as its source documents.

Don DeYoung
Office of Strategic Planning

March 1994
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NATIONAL SECURITY AND THE U.S. NAVAL RESEARCH LABORATORY
Seventy Years of Science for the Navy and the Nation

(1923-1993)

INTRODUCTION

This report highlights the significance of NRL's unclassified contributions to national security over
the past seven decades. It explains how the Laboratory's accomplishments in defense science and
technology have had a powerful impact on the nation's military strength and how they have also had a
major impact on the other components of national security-economic competitiveness, environmental
health, energy security, and public health and welfare.

1. ELECTROMAGNETIC AND ACOUSTIC WAVE PROPAGATION

Radar

Discovery of the Radar Principle and Invention of the First U.S. Radar

Prior to the development of radar, Navy ships could track other ships or aircraft only by using optical
techniques, sound ranging, or primitive radio direction finding. New methods of detection and ranging
were necessary. In the autumn of 1922,* in the course of conducting research and development (R&D)
on radio direction finders for aircraft, Dr. A. Hoyt Taylor and his associate Leo C. Young noted a
distortion of "phase shift" in radio signals reflected from a steamer on the Potomac River. They suggested
to the Navy Department that by means of this principle, "destroyers located on a line a number of miles
apart could be immediately aware of the passage of an enemy vessel between any two destroyers of the
line, irrespective of fog, darkness, or smoke screen" [1]. In short, NRL had made the first detection of
a moving ship by radio waves and had, as a result, discovered the radar principle. Limited budgets
deferred further in-depth studies in this field, and nearly 17 years were to pass before the Navy installed
the first operational radar on its ships.

Eight years after the initial discovery of the radar principle, while experimenting with radio
"direction-finding equipment in the summer of 1930, NRL scientists observed that reflections of radio
waves from an airplane could also be detected. Consequently, a report from the Director of the
Laboratory in November 1930 led to orders from the Navy Bureau of Engineering to the Laboratory to
"investigate the use of radio to detect the presence of enemy vessels and aircraft" [1].

Between 1930 and 1940, NRL conducted further R&D efforts on the use of radio for detection and
ranging, and in 1935 the Committee on Naval Appropriations of the U.S. House of Representatives

Manuscript approved August 12, 1993.
*Radio achievements made in 1922 were accomplished by researchers working for NRL's predecessor organization, the
Naval Aircraft Radio Laboratory (NARL). On April 16, 1923, when facilities of the new Naval Research Laboratory first
became available, personnel and activities of NARL were transferred to become the major component of NRL's newly
formed Radio Division.

1



2 D. J. DeYoung

allocated $100,000 to NRL for the development of radar. This led to NRL's invention and development
of the first U.S. radar, the XAF (installed on the battleship USS New York in 1939), and led eventually
to its commercial production form, the CXAM. By the time of Japan's attack on Pearl Harbor, 20 radar
units were in operation on selected vessels. These radars were cited by Fleet Admiral Ernest J. King for
their contribution to the victories of the U.S. Navy in the battles of the Coral Sea, Midway, and
Guadalcanal [21.

NRL designed and built the first radar prototypes independently. The RCA Corporation manufactured
the first sets built in quantity, followed by the American Telephone and Telegraph Company, which
entered the field to design and produce numerous Navy radars, especially for fire control. NRL also made
important contributions to the development of the SG radar, the most widely used and effective shipboard
radar used during World War II. NRL further shared technical ideas in the radar field with the U.S.
Army and Great Britain during the late 1930s and 1940s.

NRL's early radar accomplishments are significant; radar and subsequent developments that have
flowed from it are among the foundations of modern military power. Furthermore, as a primary sensor
for navigation and surveillance, radar now plays a major role in such diverse areas as the effective
operation of civilian transportation systems, weather forecasting, astronomy, and automation, among other
uses.

Development of Naval Radar Systems

Following the discovery of the radar principle and the invention and development of the first U.S.
radar, NRL established a tradition of excellence in radar R&D that led to other important technological
advances. Such achievements in the development of radar systems include:

Duplexer - The use of a pulse technique to detect aircraft and ships was proposed by NRL's Leo
Young in 1933. His colleague, Robert M. Page, made important advances over the next few years in the
area of transmitters and receivers. He eventually developed the highly important duplexer, which
permitted an antenna to be used for both transmitting and receiving. Combined with the duplexer, the
pulse technique did away with the separate receiving and transmitting antennas that early radar developers
had used. Page and Young received the original patents for the duplexer, an invention that dramatically
changed the nature of radar [3, p. 178. Gebhard cites R.M. Page and L.C. Young receiving patents
2,512,673 and 2,688,746].

Submarine radar - In 1940, NRL developed submarine radar. This radar enabled a submarine to
rise to periscope depth and search for hostile aircraft before surfacing. Aircraft could be detected by the
radar out to a range of 20 miles. At that time, this was considered adequate to allow the submarine to
submerge before becoming vulnerable to the aircraft's weapons [3, p. 186 1. This radar became popular
with submarine skippers during World War II; units were installed in submarines as quickly as they
became available-more than 400 were produced [3, p. 186]. The Laboratory later perfected a directional
radar antenna for use with the Western Electric Radar System. It was effective enough to be used as a
fire-control instrument, allowing several enemy ships to be torpedoed without the submarine being seen.

Plan-position indicator - To provide a polar-coordinate map-like display of targets, NRL originated
the radar plan-position indicator (PPI)-the well-known radar scope with the round face and the sweeping
hand-between 1939 and 1940 13, p. 193. Gebhard cites as references: "Report of Progress Problem
W5-2S," NRL letter to Bureau of Engineering, SS67/36, ser. 135, 26 Feb. 1940; and R.M. Page, Patent
2,770,9391. The PPI is now universally used by military and commercial interests around the world for
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the display of radar information for such functions as air and surface detection, navigation, air-traffic
control, air intercept, and object identification.

Monopulse radar - In 1943, NRL developed monopulse radar, now the basis for all modern tracking
and missile control radars. The Laboratory's Robert Page holds the patent on this technique [3, p.219.
Gebhard cites R.M. Page as holding U.S. Patent 2,929,0561. The monopulse technique was first applied
to the Nike-Ajax missile system, which at the time was the nation's continental air defense system.
Subsequently, monopulse radar became the standard radar for U.S. missile ranges. NRL's work in
monopulse radar eventually led to the development of the AN/FPS-16, the first high-precision monopulse
instrumentation rzjar. In 1958 this radar was used to guide the launchings of the first U.S. space satellites
at Cape Canaveral [3, p.200]. Monopulse radar is still the most widely used technique for military
tracking radar because of its high accuracy and relative immunity to electronic countermeasures that
degrade other tracking methods.

Airborne radar - Prior to America's entry into World War II, and in anticipation of the German
submarine menace, NRL developed the Model ASB. It was the first operational U.S. airborne radar to
be widely used for bombing, detection of ships and surfaced submarines, and airborne intercept. This
radar •aw extensive use during the war, not just by the U.S. Navy and Army Air Forces, but also by the
British. It was installed almost universally in U.S. naval aircraft and became known as the "workhorse
of Naval Aviation" [3, p.201. Gebhard cites R.M. Page, The Origin of Radar (Doubleday & Company,
Inc., New York, 1962) pp.1 7 1-1721 More than 26,000 units were procured (from 1942 to 1944)-the
largest procurement of any radar during the war [3, p.2011. The Model ASB was the first radar to be
used in carrier-based aircraft and was used in attacking and destroying Japanese ship convoys in the
Pacific. It was also effective against Japanese aircraft. It has been said that the ASB "was one of the most
successful of all airborne surface search radars" [4].

Periscope-detection radar - NRL's efforts in high-resolution radar, dating from 1950 to 1960, led
to the Navy's periscope-detection radar, the AN/APS-l 16, which was designed and constructed by Texas
Instruments, Inc. [3, p.212. Gebhard cites C.O. Olson, "The Investigation of High Resolution Radar
Phenomena. Part I - Short Pulse Transmitter," NRL Report 3501, July 19491. This radar system became
standard equipment in the Navy's carrier-based antisubmarine warfare (ASW) system, the S-3 [5].

Over-the-horizon radar - During the late 1940s, NRL foresaw the need to detect moving targets,
including aircraft and missiles, at distances and altitudes beyond line-of-sight. Microwave radar as
developed during World War II was limited in range by the curvature of Earth. In 1950, while using the
pioneering work it had accomplished in radio "skip distance" effect theory (see Section 1: "Skip-Distance'
Effect), NRL began to investigate the use of radar operating in the high frequency (HF, or short wave)
?ortion of the radio spectrum to extend the range beyond the horizon. This is achieved by the refraction
(bending) of radar waves when traveling through the ionosphere, which is located high above Earth's
surface. By using the ionosphere to bend the radar energy back to Earth's surface, the range of a radar
could be extended out to almost 2,000 nautical miles. By 1955, NRL was operating a low-power HF
radar called MUSIC (Multiple Storage Integration Correlation), which demonstrated Earth backscatter
at over-the-horizon (OTH) distances and echoes from line-of-sight targets. It also observed nuclear
explosions at long range, as well as the launch of rockets [3, p.2161. In 1961, based on success with
MUSIC, a high-power, high-antenna-gain OTH radar known as Madre (Magnetic Drum Radar
Equipment) was installed at the NRL Chesapeake Bay Division field site. It was able to detect and track
aircraft as they traveled across the Atlantic Ocean. The radar also demonstrated ship detection at OTH
ranges, sea state, and storm tracking, vectoring of aircraft to an intercept, and warning a naval battle
group of approaching aircraft at long range.



4 D. J. DeYoung

Ultimately, NRL's development of OTH radar formed the technical base that led to the Air Force's
AN/FPS-I 18 radar for continental air defense and the Navy's Relocatable Over-the-Horizon Radar, as
well as influencing HF radar development in other countries of the world. HF OTH radar is the most
cost-effective wide-area sensor available today [61.

Radio

At the beginning of the twentieth century, the U.S. Navy realized that radio communication had great
promise for enhancing the tactics and strategy of seapower. The Navy therefore became a principal
sponsor of radio electronics and a pioneer in its early development, much of it through NRL's work.
NRL's achievements in radio electronics have had a major impact in advancing the operational capability
and combat effectiveness of the Navy, as well as that of the other military services of the U.S. and its
allies. American industry and the national economy have also benefited greatly by this progress.

"Skip-Distance" Effect

In 1925 NRL discovered the "skip-distance" effect, which could not at the time be explained by the
prevailing wave-propagation theory. The effect refers to radio signals, which have disappeared after the
"ground wave" dissipates, reappearing at a considerable distance; this distance varies with frequency, time
of day, and season. In 1926, NRL's Drs. A. Hoyt Taylor and E.O. Hulburt jointly published a
modification of the theory that adequately explained the high-frequency "skip-distance" effect [7] and
agreed with experimental data. This seminal work laid the foundation for modem HF wave-propagation
theory and led to the Navy's acceptance of HF radio frequencies for Fleet communications 13, pp.44-45].

NRL's work in this area further demonstrated that around-the-world HF transmissions could be
obtained through successive reflections from Earth's ionosphere with the proper choice of frequency, time
of day, and season. Encirclement of the globe as many as three times in the same transmission and in
both directions was observed in 1926. At the same time, reflections of the pulsed HF transmissions from
Earth surface prominences, currently called "backscatter," were first observed. These HF "backscatter"
observations generated the first concept of detecting and ranging on targets over very long distances. This
concept led to the later development of over-the-horizon radar by NRL (see Section 1: Over-the-Horizon
Radar) [3, p.44. Gebhard cites A.H. Taylor and E.O. Hulbert, "Wave Propagation Phenomena at High
Frequencies," Bureau of Engineering Monthly Radio and Sound Report, 42-59, Sept. 1925; and A.H.
Taylor, "An Investigation of Transmission on the Higher Radio Frequencies," Inst. Radio Eng. Proc.,
677-683, Dec. 1925].

Radio Electronics Achievements

1922-1929

NRL's other achievements in the area of radio are numerous, with many being highly critical to
national security. They include:

"* the first radio broadcast of a presidential address in 1922 when President Warren G. Harding
delivered the dedication of the Lincoln Memorial from a transmitter built and installed by NRL's
L. Gebhard [3, p.23];

"* the first transmission of printed messages and photographs by radio in 1922 [3, pp.67-681;
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"* the development of the first aircraft radio communication equipment in 1922 [3, p.25];

"* the first flight of a radio-controlled pilotless aircraft, the precursor of the radio-guided missile, in
1924 [3, pp.224-2251.

" the maintenance of regular communications with the Antarctic base and support ships of
Commander R.E. Byrd's expedition to the South Pole in 1929. The Antarctic base and the ships
were equipped with NRL-designed and fabricated radio gear. The Laboratory also built the radio
equipment used in the first aircraft to fly over the South Pole.

1930-1960

NRL was responsible for developing an aircraft radio homing system in 1937. This system was
installed on all Navy aircraft carriers and their aircraft and provided the primary means for the aircraft
to navigate back to their carriers during World War II [3, p.273. Gebhard cites A.H. Taylor, Radio
Reminiscences: A Half Century, 170-171 (1960), AD 775930). The development in 1943 of a successful
countermeasure to German radio-controlled bombs not only jammed the bomb's guidance signals but, on
occasion, took control of the missiles (see Section 7: Electronic Warfare) [3, p.303]. Remote control
units for the first radio-controlled bomb were developed in 1944 [3, p.233. Gebhard cites C.H. Smith,
Jr., H.W. Rosen, and C.H. Hoeppner, "The AN/ARW-17 Receiver," NRL Report 2421, Dec. 1944].
Radio communications by using the moon as a passive relay station to reflect transmitted human voice
back to Earth was demonstrated in 1954 [8]. NRL developed a very-low-frequency facsimile transmission
system; in 1959 this was the first system to provide reliable communications from a single high-power
transmitting station in the U.S. to continuously submerged, operating submarines [3, p. 147]. This system
was later installed on all Polaris ballistic missile submarines.

Satellite Communications

Since its early days, NRL has maintained a continuing interest in extraterrestrial radio phenomena.
In connection with its original high-frequency propagation work, NRL was the first to determine the
frequency above which radio waves would penetrate Earth's atmosphere and propagate through outer
space, making radio communication in space possible [3, p.115. Gebhard cites A.H. Taylor and E.O.
Hulbert, "The Propagation of Radio Waves Over the Earth," Phys. Rev., 215, Feb. 1926].

In 1959, the world's first operational satellite communication system, allowing communications from
Washington, D.C., to Oahu, Hawaii, was placed into operation by NRL [3, p. 116. Gebhard cites RADM
F.Virden, USN, "Communication Requirements of Our Navy," Signal, 14, 16, 35-36, Dec. 1959]. The
public demonstration of this system took place on January 28, 1960 with the exchange of messages
between the Chief of Naval Operations and the Commander-in-Chief, Pacific Fleet. Other Laboratory
achievements in satellite communication included: the first pictures (facsimile transmitted over a satellite
communications system in 1960 [3, p. 116]; and, at the request of the U.S. Post Office Department, the
first transmission of "space mail" in the form of a facsimile letter over Echo I's satellite communication
circuit. This event took place in 1960 and was later commemorated with a special postage stamp issued
to herald the advent of satellite communication [3, p. 1211.

Identification Friend or Foe Systems

An important area of long-term NRL achievement has been in the development of Identification
Friend or Foe (IFF) radio systems. In 1937, NRL developed the first IFF system in the U.S., and
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follcwed this with a succession of new and improved radio-identification systems for the U.S. and its
allies [3, p.25 1. Gebhard cites A.H. Taylor, Radar Reminiscences: A Half Century, 180-181 (1960),
AD 7759301. During World War II, these systems allowed the identification of friendly planes and targets
on the ground and sea, particularly in poor visibility. Between 1948 and 1960, NRL conducted research
on the possibility of deception by an enemy who would be using captured U.S. IFF transponders to
appear as a "friend." As a result, the Mark XII system was developed by NRL in collaboration with a
Tri-Service effort involving the Army, Air Force, and Navy. This system was the first IFF system to use
cryptographic techniques to prevent an enemy from deceiving U.S. forces [91. Since 1979, NRL has
collaborated with Air Force and Army efforts to develop the new Mark XV IFF system, which will
replace the Mark XII. The new system, to be installed on Navy ships and in aircraft and antiaircraft
systems of all U.S. military services, was urgently required to make efficient use of beyond-visual-range
weapon systems [101.

Sonar

Sonar Systems

Underwater acoustic research was begun by the U.S. Navy in 1917 with a small group at the U.S.
Experiment Station in New London, Connecticut, to investigate the use of underwater sound during
World War I. This group, headed by Dr. H.C. Hayes, was moved to NRL on its opening in 1923. Dr.
Hayes and his colleagues decided that the passive sonic devices used in World War I were seriously
limited in the detection of enemy submarines. It was their belief that an active echo-ranging sonar,
operating in the 20 to 50 kHz frequency range, would provide the best antisubmarine warfare (ASW)
system for surface ships. This approach was followed from the beginning of the new Sound Division at
NRL, where practically all Navy R&D in sonar prior to World War I[ was carried out [11).

NRL's first effort was to develop an improved quartz-steel transducer. NRL tests of a 40 kHz
transducer in 1926 and 1927 showed a significant improvement in the transducer's efficiency. However,
it was decided to seek other transducer designs because of the scarcity of large quartz crystals, obtainable
only from Brazil 1121. Extensive research was conducted on each of the components of the new sonar
system, from the transducers and signal processing to the mechanical mounting and housing functions.
Of particular significance was the development of the streamlined sonar dome to house the transducer.
The dome enabled surface ships to make attacks at speeds up to 15 knots. In 1927 a number of U.S.
naval vessels conducted tests with the NRL quartz-steel echo-ranging sonar. This was the first practical
sonar based on echo-ranging or "pinging" at supersonic frequencies [1, p. 1711. P. Langevin a French
physicist, had first discussed this possibility in 1918. After a series of tests and at-sea trials, the echo
detection equipment, model QB, became the first operating sonar used by the U.S. Navy 113].

Following the QB model sonar, NRL developed the QC and JK/QC sonar systems 1141. Finally in
the late 1930s, JK and QB hydrophones were used in research on the protection of harbors and
amphibious landing operations. The resulting system was designated the HERALD system. Research on
each of these sets of sonar equipment, including the earlier QB system, provided the U.S. Navy's basic
underwater ASW capabilities for World War 11 [151. During World War II these systems comprised a
major group of ASW devices that Grand Admiral Karl Doenitz, commander of the German U-boat fleet,
cited as the major reason for Germany's defeat in the Battle of the Atlantic [161.

During World War 11, NRL's acoustics R&D was focused primarily on support of the Navy's war
effort. This included improvements to existing systems, acoustic countermeasures, and tactical use of
ASW systems. An example in the area of tactical use was an analysis made in 1941-42 of American fleet
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defense against the German U-boat. It was concluded from the analysis of ship loss statistics that the rate
of sinking of U.S. and allied ship tonnage was greater than the possible rate of replacement by new
construction. Since approximately half of this loss was from submarines, the statistics also indicated that
the efficiency of ASW attacks was only about one successful attack in ten. If this situation had continued,
the success of the war effort would have been placed in grave jeopardy. After extensive operational
analysis, the Laboratory recommended a series of improvements for using sonar during an ASW attack,
particularly in speeding up the attack on the target U-boat and in the timing of the weapons deployment
1171.

Environmental Acoustics

One of the first accomplishments made by the Laboratory in the early 1920s was the development
of the sonic depth finder. It was the first depth finder to be placed in the Fleet for routine service, greatly
enhancing both surface and subsurface navigation [181. In a related area, in 1928 NRL developed a
method for seismic exploration by using acoustic sources and receivers. Results of this research have
provided geophysicists and geologists with basic tools for exploring for oil and gas and for understanding
the nature of the surface and subsurface of Earth [191.

2. SPACE SCIENCE

Solar Studies

In 1946, using a captured German V-2 rocket, NRL scientists obtained the first far-ultraviolet
spectrum of the sun 120]. This was the birth of both space-based astronomy and the U.S. Navy's space
program. NRL was not alone in early attempts to measure the solar ultraviolet spectrum; Johns Hopkins
University's Applied Physics Laboratory attained excellent results 6 months after NRL [20, p.4]. NRL's
studies of the sun continued with the first measurement of ultraviolet and X-ray emissions from a solar
flare in 1956, confirming the theory that X rays were responsible for radio fade-out. This was important
because forecasting the sun's weather enables scientists to more accurately predict the effects of solar
storms on civilian and military navigation and communications equipment on Earth. Some of NRL's most
notable solar studies are described below.

NRL's monitoring of the sun's weather continued in 1960 with its development and launch of the first
orbiting solar observatory satellite, Solar Radiation (SOLRAD) I. Although the SOLRAD program began
as fundamental research, the results provided important clues to solar flare predictability. The program
demonstrated that solar X rays are the most sensitive indicator of solar activity and are the major cause
of sudden ionospheric disturbances in Earth's atmosphere. These solar flux data were transmitted from
the SOLRAD satellites to both the National Oceanic and Atmospheric Administration (NOAA) and the
integrated U.S.-Canadian North American Aerospace Defense (NORAD) Command. They were also sent
to the Naval Communications Command to provide Fleet alerts warning of possible high-frequency
communications disturbances.

Subsequent NRL SOLRAD satellites also served as solar radiation monitors-circling Earth, on guard
for any unusual solar disturbances that could have endangered the lives of the Apollo astronauts. Special
SOLRAD operations for the Apollo 8 moon mission began at the request of the National Aeronautics and
Space Administration (NASA) in December 1968 when astronauts first circled the moon and returned to
Earth. Later, during July 1969, solar flare forecasts derived from data furnished by SOLRAD 9 were
used to safeguard Apollo 11 astronauts and their communications systems during the historic first lunar
landing mission [211. NRL furnished solar radiation data as rapidly as possible to the Space Disturbance
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Forecast Center of the Environmental Science Services Administration (now NOAA), which had overall
responsibility to NASA for determining the status of radiation hazards to the Apollo astronauts 121].
Timely information was important. Very intense solar radiation could have resulted in the cancellation
of certain phases of the lunar missions. The SOLRAD data were particularly important during the periods
when the astronauts were either in the lunar module or on the lunar surface. SOLRAD 9 and its
follow-on, SOLRAD 10, continued to furnish this critical information throughout the Apollo program as
well as the SKYLAB program, America's first orbiting laboratory.

NRL's solar studies continue today with the High-Resolution Telescope and Spectrograph (HRTS).
This instrument first flew on the NASA Spacelab 2 mission in 1985 and is scheduled to fly again on
NASA's Orbiting Solar Laboratory in the mid-1990s. NRL scientist Dr. J.-D. Bartoe flew aboard the
space shuttle on the Spacelab 2 mission. He has the distinction of being the first payload specialist to
develop and then operate his own experiments in space-the HRTS and the Solar Ultraviolet Spectral
Irradiance Monitor [221.

Radio Astronomy

Since 1950, NRL has been conducting fundamental radio astronomical research with forefront
techniques and equipment. One such piece of equipment was the world's first fully steerable microwave
parabolic antenna, which had a diameter as large as 50 feet. It was placed in service at NRL in the early
1950s [231. In 1953, NRL radio astronomers first detected and measured interstellar ionized atomic
hydrogen clouds (HII regions) as discrete radio sources, and in 1956 NRL detected the absorption of
emission of radio stars by interstellar hydrogen gas. In 1957, NRL made the first accurate radar
measurements of the distance to the moon, which gave more accurate information both on the radius of
Earth and on lunar topography [24]. These landmark observations were followed by planetary studies
marking the first accurate measurement of the surface temperature of Venus and discovery of the radio
character of Jupiter and Saturn.

From this base of experience, NRL played a fundamental role in the eventual development and use
of the Very Long Baseline Interferometric (VLBI) collaborative observing technique. With this technique,
distant stations (antenna sites) are used to achieve expanded synthetic aperture resolution and charting of
astrophysical sources. More recent advances in this program lie in the application of radio interferometry
to achieve new precision astronomy for Navy time determination, navigation, and geodesy. In fact, NRL
technical studies led to the first precise time transfer via satellite in 1970. This was important to the
development of the highly accurate NAVSTAR system (see Section 3: Navigation).

Ultraviolet Astronomy

On October 10, 1946, NRL's Dr. R. Tousey used a captured World War II V-2 rocket to obtain the
first photographs of the sun's ultraviolet (UV) spectrum beyond the atmospheric boundary (see also
Section 2: Solar Studies). Later, when sounding rockets became available to explore the character of the
radiation environment in space, NRL took the lead in investigating the character of the optical background
in space. From an Aerobee rocket launched in 1957, NRL discovered that there is an intense nighttime
and daytime glow over the whole sky. This glow is emitted or scattered from hydrogen in the extended
high atmosphere at a wavelength of 1216 A-the extreme UV range. In 1970, also using an Aerobee
rocket, NRL detected molecular hydrogen in interstellar space for the first time [251. This was a
significant finding in that it confirmed theories of star formation from interstellar gas. Although much
indirect evidence for the presence of large amounts of molecular hydrogen in space had been accumulated
prior to NRL's work, no direct measurement had been made before this rocket flight.


